During the manufacture of compounds in the boron mining industry a large quantity of waste boron is produced which has detrimental effects on the environment. Large areas have to be allocated for the disposal of this waste. Today with an increase in infrastructure construction, more efficient use of the existing sources of raw materials has become an obligation and this involves the recycling of various waste materials. Road construction requires a significant amount of raw materials and it is possible that substantial amounts of boron-containing waste materials can be recycled in these applications. This study investigates the usability of boron wastes as filler in asphalt concrete. For this purpose, asphalt concrete samples were produced using mineral fillers containing 4%, 5%, 6%, 7% and 8% boron waste as well as a 6% limestone filler (6%L) as the control sample. The Marshall design, mechanical immersion and Marshall stability test after a freeze-thaw cycle and indirect tensile stiffness modulus (ITSM) test were performed for each of the series. The results of this experimental study showed that boron waste can be used in medium and low trafficked asphalt concrete pavements wearing courses as filler.
INTRODUCTION


In ancient times, Babylonians imported borax from the Far East for use in gold mining. Borax was first obtained from the Lake of Tibet. Boric acid was made from borax as early as the 1700s, and elemental boron was discovered in the early of the 1800s [1] . Today, manufactured boron is especially used in glass and fiberglass piping, nuclear power and agricultural industries, as well as in the production of fire insulation materials, detergents, and pharmaceuticals [2] .
Turkey has the largest boron reserves in the world, unfortunately the huge amount of waste material produced during the purifying of boron containing ore is becoming an increasingly large problem. Using this waste as a source of raw materials for different applications will decrease the demand for both new sources of raw materials and waste storage areas. Furthermore, this recycling will contribute to protecting the environment [2, 3 -11] .
A total of 400,000 tons of waste material is produced annually by the ETI MADEN Kırka Boron Works in Eskisehir from the concentrator and boron derivation plants producing 250 .000 ton/year and 150,000 ton/year respectively [12] . First, the boron ore enters the washing section from the concentrator plant through preliminary sieving from a 6 mm sieve. After the ore that is less than 6 mm passes from the crusher through rollers the clay paste, which have no suitable grain size particle, are discarded. From the concentrator plants 2 % of the waste is excavated mine ore that contains about 12 -15 % B2O3. The wastes produced from a synthesis of boron derivatives have a lower B2O3 content than the other waste products (~ 7 -8 %) [13] .
Agricultural irrigation harms aquatic organisms and plants because of discharging the waste products of boron into the lakes and seas [14] . In the United States, certain measures are taken to protect the environment against the discharged waste. For example, improved cooling systems used in a borate refinery resulted in a 50 % reduction in boron waste discharged to the nearby canal [15] . Such measures are essential in terms of not only preventing air, soil and water pollution, and environmental destruction but also reducing the need for waste storage areas and waste ponds as well as the related expenditures. In addition to the environmental gains, the waste material can be recycled to be used in the construction and maintenance of asphalt pavements, base and subbase construction providing economic benefits [2, 16, 17] .
Various materials passed through number 200 sieves (0.075 mm) and added to asphalt concrete can be defined as filler. Stone, lime and cement powders can be used as mineral filler. The main function of mineral filler in asphalt concrete is to fill the void between the coarse and fine aggregate particles in order to increase the density thus allowing the asphalt concrete to gain impermeability and durability. Another important result of this process is the settlement of the fine aggregates which form a mortar by mixing with the asphalt. The thickness of the asphalt film differs depending on the amount of filler used in the asphalt concrete mixtures. The variation in consistency of the mixture and the temperature can be reduced by using appropriate filler in the mixture [18] . Additionally, Gubler et al. [19] have indicated that small filler particles prevent oxygen diffusion through the asphalt.
The objective of this study is to undertake experiments to investigate the use of waste from boron derivation plants as filler in hot mix asphalt wearing courses. The results of this study have implications for reducing the demand for new quarries to provide road aggregates, new waste storage areas of boron mining industry and decreasing environmental deterioration due to pollution from boron waste.
MATERIALS AND METHODS
Materials
In this study, a limestone-originated aggregate was used as coarse and fine aggregate. The mineral filler was produced using the waste from a boron derivation plant, and a limestone mineral filler was used as the control sample (6 % L). The boron waste was obtained from the ETI MADEN Kırka Boron Works and the 50/70 grade penetration asphalt was obtained from the Aliağa Refinery to be used as a binder. The rheological properties of the asphalt are shown in Table 1 . The properties of superior wear and durability are desirable in aggregates used in hot mix asphalt [7] . The wear and durability properties of the aggregate samples were determined through standard tests and the test results given in Table 2 show that the aggregate samples were within the specification limits (Table 2 ).
Methods
The experimental study consisted of three stages; characterization of waste material, testing the aggregate and testing the hot mix asphalt.
Characterization Marshall design tests are performed in order to determine the optimum asphalt content for different aggregate mixtures. This method requires standard hot mix asphalt briquette samples 10 cm in diameter and 6.5 cm high. The preparation procedure is carefully specified, and involves heating (aggregates were heated to 165 °C, bitumen was heated to 160 °C), mixing (used temperature controlled mixer), and compacting asphalt/aggregate mixtures by 75 blows from the Marshall hammer. Once prepared, the samples are subjected to a density-voids analysis and stability-flow tests using the U-test Marshall stability and flow test device. Based on the test results, the following charts were plotted; (1) stability versus asphalt content (%), (2) bulk specific gravity versus asphalt content (%), (3) voids filled with asphalt (VFA) versus asphalt content (%), (4) voids versus asphalt content (%), (5) flow versus asphalt content (%) and (6) voids in mineral aggregates versus asphalt content (%). The optimum asphalt content was determined from charts (1) to (4) as follows: asphalt content corresponding to the maximum stability; asphalt content corresponding to the maximum bulk specific gravity; asphalt content corresponding to the average of design limits of air voids in the total mixture (3 -5 %); asphalt content corresponding to the 65 and 78 % range of VFA.
The optimum asphalt content is determined by calculating the arithmetic mean of the four values. In order to check the results of the optimum asphalt content, Fig. 9 and Fig. 10 were used. The optimum asphalt content corresponding to the flow value should be between 2 and 4 mm and the optimum asphalt content corresponding to VMA should be between 14 and 16 %.
For the mechanical Marshall immersion test, the principles are based on the measurement of change in the mechanical properties of the compacted hot mix asphalt samples after being immersed in water bath at 60 °C for 48 hours. In this way, it is more feasible to determine, which mixture sample is more resistant to the effects of water. Accordingly, this test is an indirect measurement of stripping and they also give an idea of the adhesion properties of asphalt concrete samples [20] .
For the Marshall stability and flow tests after freezing and thawing cycle, briquette samples with optimum bitumen content were subjected to a freeze-thaw cycle 5 times based on TS EN 1097-2 and the reports of some researchers [23] .
After the cycles, the loss of Marshall stability values was determined. A NÜVE Climate Cabinet was used for the cycles. The indirect tensile -stiffness test (ITSM) is performed to determine the stiffness of asphalt concrete based on EN 12697-26 (2004) specification.
Table 2. Properties of aggregate samples
The stiffness modulus is considered to be a measure of the ability of asphalt concrete pavement to distribute traffic load and is perceived to be most important performance characteristics of asphalt concrete. The stiffness modulus monitors the permanent deformations caused by the tensile and compressive stresses that cause fatigue cracks under the pavement due to traffic loads. The stiffness modulus obtained under uniaxial loading is generally taken as the ratio of the maximum displacement to the maximum tensile strain. The test was performed at 10 °C and 20 °C temperatures with a deformation control based on a period of 3000 ms, five loads with a rise time of 124 ± 2 ms using a infratest model universal test machine and the indirect tensile stiffness modulus is calculated with Eq. 1.
where the Sm is the indirect tensile stiffness modulus, MPa; v is the Poison ratio (0.35), L is the maximum value of the vertical load, N; D is the average horizontal deformation and t is the average thickness of the sample, mm [20] .
RESULTS AND DISCUSSION
Waste material characterization
To determine the characterization of the waste material, a chemical analysis and a scanning electron microscopy analysis were conducted. A LEO 1430 VP model SEM device was used for the SEM analysis. The whole rock major and trace element analyses of filler samples were performed in ACME Analytical Laboratories (Vancouver) Ltd.
Results of the scanning electron microscopy analysis
With the SEM analysis, the surface morphology of boron waste was determined and a qualitative analysis was performed. As a result of the measurements, the size of the crystals and pores were found to range from 358 nm and 7736 µm to 426 nm and 447 nm ( Fig. 1 and Fig. 2 ), respectively. This may have resulted from the effect of the filler particle porosity of the material on asphalt absorption. Table 3 . According to the results of the analysis, the material defined as clay paste mainly consists of siliceous, alumina and magnesium-containing compounds. The percentage of boron was determined as 12.20. 
Results of the hydrometer test
Hydrometer tests were performed on the boron waste filler sample and the limestone control sample. Test results show that the boron waste filler sample was finer than the control sample. This resulted in an increase in the aggregate surface area and the optimum percentage of bitumen (see Fig. 3 and Fig. 4) . 
Results of the hot mix asphalt test
Results of the Marshall design test
Hot mix asphalt samples were prepared using five different amounts of boron waste filler and the limestone control sample. Marshall designs were performed on each filler ratio to determine the variation in hot mix asphalt properties in relation to the ratio. Mixture samples were prepared for gradation in the middle of the Turkish Highway specification (TCK) curve of wearing courses, and as a result, three Marshall briquettes were obtained with the each of the asphalt ratios: 3.5 %, 4.0 %, 4.5 %, 5.0 %, 5.5 % and 6.0%.
Marshall stability-flow tests were performed on the samples, and their weights in water, air and surface drysaturated were measured. Furthermore, optimum asphalt ratios were separately calculated for each filler ratio. The optimum amounts of asphalt by weight were determined as; 5.43 %, 5.04 %, 4.80 %, 5.16 %, 4.99 %, and 4.70 % for the filler additives containing 4 %, 5 %, 6 %, 7 %, and 8 % boron waste and the 6%L, respectively. The correlation between the Marshall stability and asphalt content is given in Fig. 5 .
Fig. 5. Relationship between Marshall stability and percentage of asphalt
Marshall stability is one of the most important properties of hot mix asphalts [7] . It is the resistance of hot mix asphalt against the continuous dynamic loads with the long-term effects of static loads caused by vehicles, compression, tension, and shear forces that occur under accelerating or decelerating wheel effects [18] . According to the test results, when the amount of boron waste mineral filler by weight was more than 6 %, the maximum stability of the mixed samples was reduced. This reduction in the stability is mostly due to the decrease in asphalt film thickness with the increased amount of filler. However, control sample (6 % L) had the highest stability value. The average maximum stability of samples of the 6 % L series and boron waste series were determined as 1690 and 1220 kg, respectively. The stability values of all samples were higher than the minimum specification limit (750 kg).
Another important property in hot mix asphalt is the density. Fig. 6 presents the relationship between bulk specific gravity and the percentage of asphalt. As the density of hot mix asphalt increases its physical properties such as durability and stability is improved. The highest specific gravity was obtained for the samples with the 6 % boron waste and control fillers. The maximum specific gravities of the 4 %, 5 %, 6 %, 7 %, and 8 % boron waste samples and the 6%L control sample were found to be; 2.396, 2.452, 2.444, 2.440, 2.428 and 2.453 g/cm 3 , respectively. The results show that the density value increases with the increased amount of filler. If the amount of filler is further increased, the film thickness of asphalt decreases. Therefore, the expected compaction cannot be obtained and the density of hot mix asphalt decreases. Furthermore, the specific gravity values of the 6 % boron waste and 6 % L control samples were similar to each other, thus indicating that the impermeability and durability properties of samples with boron waste filler are as good as the control samples. VFA is an important property in terms of providing resistance to raveling and environmental effects.
VFA controls plasticity, durability and friction coefficient of the mixtures and also provides a final asphalt coating around the aggregate particles. If the VFA is too low, the durability and stability of asphalt concrete is also weakened [18] . In the current study, the VFA values of samples with 4 %, 5 %, 6 %, 7 % and 8 % boron waste fillers were found to be; 74.0 %; 80.0 %; 82.0 %; 78.0 %, and 70.0 %, respectively. However, the VFA of the 6%L control sample was determined as 77.0 %. In addition, the percentage of asphalt corresponding to 70 % of the VFA value was used to determine the optimum asphalt content. According to the specifications of the Turkish State Highway Authority (TCK), the VFA value should be lower than 75 %. Fig. 7 gives the VFA values of all samples.
The TCK specifications of the highways suggest that the void content in asphalt concrete should be between 3% and 5%. Increasing the upper limit of voids can decrease the stability and unit weight, which in turn increases permeability. A void value that is lower than the specification limit can lead to problems such as bleeding. Similarly, if the void value is higher than the limit, then it may result in a rapid increase in aging and permeability. On the other hand, since the volume of asphalt expands and fills the voids completely in hot mix asphalt causing deterioration of bleeding in the hot summer season, in the current study, a lower limit of void was determined in accordance with the specifications recommended. For the hot mix asphalt samples containing 4 %, 5 %, 6 %, 7 %, and 8 % boron waste mineral filler and the 6 % limestone filler (6 % L), the percentage of voids in relation to the optimum level of asphalt were found to be 3.9 %, 2.5 %, 4.0 %, 3.0 %, 3.2 % and 3.0 %, respectively. The test results showed that the percentages of void were within the specification limits except in the sample with 5 % boron waste. The relationship between the percentages of void and asphalt is shown in Fig. 8 .
Fig. 8. Relationship between the percentages of void and asphalt
The Marshall flow values give an idea of the plasticity and flexibility of the hot mix asphalt samples [18] . The relationship between the flow values and the percentage of asphalt is given in Fig. 9 . According to the TCK specifications, the flow value should be between 2 and 4 mm. The hot mix asphalt samples are expected to display brittle characteristics with the increased amount of filler. In this study, the flow values in relation to the optimum level of asphalt were found to be 3.9, 3.1, 4.1, 4.2, 4.5 and 2.6 mm in hot mix asphalt samples with 4 %, 5 %, 6 %, 7 %, 8 % boron waste mineral filler and the 6 % L control sample, respectively. Based on these results, hot mix asphalt containing 5 % boron waste produced the best result in terms of plastic deformation behavior.
VMA occur due to the total amount of asphalt film in hot mix asphalt aggregates and void volume. The level of voids in mineral aggregates is important in terms of the interlocking of aggregate particles as well as durability [7, 18] . In the mixtures containing 4 %, 5 %, 6 %, 7 %, 8 % boron waste fillers and the 6 % L control sample, the percentage of VMA in relation to the optimum level of asphalt were found to be; 15.1 %, 13.4 %, 13.0 %, 13.8 %, 13.8 % and 13.2 %, respectively. The relationship between VMA and percentage of asphalt is presented in Fig. 10 . The Marshall quotient, also known as the rigidity ratio, is defined as the ratio of the Marshall stability to the Marshall flow value of the hot mix asphalt. The relationship between the Marshall quotient and percentage of asphalt is given in Fig. 11 . This ratio has been used for the estimation of the stiffness modulus of asphalt concretes [21, 22] . Çelik et al. [22] have reported that samples with a high Marshall quotient are fractured with high displacement. The Marshall quotient values for the optimum percentage of asphalt were found to be 3.6, 4.2, 4.3, 2.8, 2.6 and 6.4 kN/mm in 4 %, 5 %, 6 %, 7 % and 8 % boron waste and 6 % L control samples, respectively.
Results of the mechanical Marshall immersion test
This test was performed on each sample with optimum asphalt content, and the loss of Marshall stability (Lms) was calculated using the following Eq. 2:
After the samples were kept in a water bath at 60 °C, their Marshall stability (S2) was measured. The loss of Marshall stability was calculated by subtracting from the highest Marshall stability value (S1). Fig. 12 presents the loss of Marshall stability in all samples. The lowest loss in stability was obtained from the 6 % L control sample followed by the 7 % boron waste sample. 
Effects of the freeze -thaw cycle on the hot mix asphalt samples
The service life of hot mix asphalt pavements is affected by many factors such as freezing-thawing, rain and snow. These factors may result in the loss of certain mechanical properties of hot mix asphalt pavements. Some researchers reported that the amount of water-induced damage was increased in hot mix asphalt samples with the increased number of freeze-thaw cycles [23] . The test results of the current study showed that the lowest loss of Marshall stability was observed in the control sample containing 6 % limestone filler. However, the loss of Marshall stability obtained from the 6 % boron waste sample was similar to that of the control sample. The loss of Marshall stability in all samples after the freeze-thaw cycle is given in Fig. 13. 
Indirect tensile stiffness modulus (ITSM) test
The higher the stiffness modulus of asphalt concrete, the higher the resistance to permanent deformation is. The maximum stiffness modulus at 10 °C and 20 °C was obtained from the 6 % L control sample as 15.1 and 6.1 MPa, respectively. However, for the samples containing 4 %, 5 %, 6 %, 7 % and 8 % boron waste fillers, the values of the stiffness modulus at 10 °C were determined as 10.8, 13.7, 14.1, 14.0 and 13.6 MPa, respectively. Fig. 13 . Loss of Marshall stability (%) after the freeze-thaw cycle For the sample samples, the stiffness modulus at 20 °C was found to be 3.3, 4.8, 5.9, 5.3 and 5.7 MPa, respectively. This indicates that the stiffness modulus value of the 6 % boron waste sample was very similar to that of the 6 % L control sample (Fig. 14) . The aim of this study was to investigate the usability of boron waste as filler in asphalt concrete. Hot mix asphalt samples were produced with five different filler ratios to determine the optimum percentage of filler, which exhibits the best behavior in asphalt concrete samples. According to the results of hot mix asphalt tests, the percentage of optimum boron waste filler was determined in 5 different series taking into account the following factors: filler percentage corresponding to:  the highest Marshall stability value (Fm);  the highest density value (Fd);  4 % void value at lowest asphalt in % (Fv);  the lowest value of VMA (Fma); The optimum percentage of filler was calculated to be 5.7% by taking the arithmetic mean of the factors according to Eq. 3 given below:
CONCLUSIONS
Based on the results of laboratory tests and analyses, the following conclusions can be drawn:
The optimum amount of asphalt was calculated for each of the series, and all the values were found within the feasible limits.
The highest stability value was obtained from the 6 % L control sample. The stability values from the highest to the lowest were from 6 % L, 6 %, 4 %, 5 %, 7 % and 8 %. Therefore, it is considered that the hot mix asphalt sample with 6 % filler is more durable to atmospheric conditions. Fillers contribute to impermeability in hot mix asphalt pavement by increasing the density. In the current study, the highest density values were obtained from the sample with 5 % boron waste filler additive. Therefore, the impermeability property of this sample was as good as that of the control sample (6 % L). Using the waste boron filler in asphalt concrete resulted in lighter mixtures almost with higher percentage of voids compared with the corresponding mixtures containing ordinary limestone filler.
The surfaces of road pavements are exposed to the effect of water from several sources such as snow, rain, and freezing-thawing cycles. One of the most important characteristics favored in hot mix asphalt is to maintain its mechanical properties under the effect of water. The results of the mechanical Marshall immersion test show that hot mix asphalt with 7 % boron waste filler additive are more durable against the effect of water and there was only a 9.7 % decrease in Marshall stability.
Using boron waste as mineral filler in asphalt concrete caused a slight decrease in stiffness modulus values. However, it is considered that under the traffic load conditions, samples with 6 % boron waste filler additive would behave as well as the 6 % L control sample.
Based on the results of the hot mix asphalt test, the optimum amount of boron waste was 5.7 % by weight. This means that boron waste filler exhibits the best behaviour when used at this ratio. However, to support the findings of this study, further research should be conducted on the field performance of asphalt concrete produced with a boron waste filler.
It can be concluded that boron waste can be successfully used in asphalt pavement wearing courses as filler, which will also contribute to the protection of the environment and provide economic benefits. 
